Three-dimensional propagation effects of low frequency sound from 100 to 400 Hz caused by seafloor topography and range-dependent bottom structure over a 20 km range along the New Jersey shelf are investigated using a hybrid modeling approach. Normal modes are used in the vertical dimension, and a parabolic-equation approximate model is applied to solve the horizontal refraction equation. Examination of modal amplitudes demonstrates the effect of environmental range dependence on modes trapped in the water column, modes interacting with the bottom, and modes trapped in the bottom. Using normal mode ray tracing, topographic features responsible for threedimensional effects of horizontal refraction and focusing are identified. These effects are observed in the measurements from the Shallow Water 2006 experiment. Specifically, signals from a pair of fixed sources recorded on a horizontal line array sitting on the seafloor show an intensification caused by horizontal focusing due to the seabed topography of 4 dB along the array.
I. INTRODUCTION
In typical applications of modeling underwater sound propagation, three-dimensional (3-D) effects are assumed to be relatively weak and two-dimensional (2-D) models are applied on a vertical plane to predict acoustic signals. However, this assumption breaks down for many shallow-water environments. Evidence of horizontal refraction has been documented in the context of nonlinear internal waves 1-3 and sloping bathymetry. [4] [5] [6] [7] In this work, 3-D effects caused by seafloor scours and sub-bottom structure on the New Jersey shelf are considered. Acoustic data collected during the Shallow Water 2006 experiment 8 (SW06) are examined and evidence of horizontal focusing is observed in the recorded data.
The SW06 experiment took place on the New Jersey shelf area of the Mid-Atlantic Bight in the summer of 2006. Acoustic propagation from two closely located sources to a fixed array station (the Shark array), located approximately 20 km away from the sources along the shelf, is modeled using 3-D adiabatic normal mode theory. The model makes use of high resolution environmental data for the bathymetry and sub-bottom structure. The effects of horizontal refraction and focusing caused by seafloor scours can be seen in the modeled and measured data. By including the 3-D sub-bottom structure in the model, the predicted acoustic field at the array location agree well with the experimental data.
This paper is organized as follows: in Sec. II, the 3-D propagation model applied in this work is presented. The detailed environmental data of the New Jersey shelf are described in Sec. III. Modeling results are presented in Sec. IV. Observations of horizontal focusing from the SW06 data are compared to model predictions in Sec. V. Conclusions are contained in Sec. VI.
II. THEORY
In recent decades, a number of propagation codes suitable for calculating transmission loss (TL) in environments for which 3-D effects are important have been developed. [9] [10] [11] [12] [13] [14] [15] [16] In this work, a normal mode approach is applied. The field decomposition into modal amplitudes provides insight into the effects of environmental inhomogeneities on the acoustic field.
The inhomogeneous Helmholtz equation for pressure P(x, y, z) due to a point continuous wave source of amplitude S(x) located at (x 0 , y 0 , z 0 ) is 
where k ¼ x/c(x, y, z), x ¼ 2p f, f is the acoustic frequency, and c(x, y, z) is sound speed. The solution for pressure can be found from normal mode theory P x; y; z ð Þ¼ X n R n x; y ð Þ/ n z; x; y ð Þ;
where modal amplitudes R n (x, y) satisfy 
with boundary conditions defined by the plane wave reflection coefficient at the sea surface and above the lower halfspace. 18 In Eq. (3), r t is the transverse operator defined by r t ¼x @ @x þŷ @ @y ;
and A mn andB mn are given by
B mn x; y ð Þ ¼ 2
and a mn andb mn are the interface coupling matrices which account for non-horizontal interfaces.
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In the analysis presented here, the mode-coupling is assumed to be negligible; hence, the coupling coefficients A mn andB mn of Eq. (3) are set to zero. The accuracy of applying the adiabatic approximation in the 3-D propagation model used in this paper is assessed in the Appendix. Neglecting the coupling coefficients leads to the horizontal refraction equation:
where k m (x, y) is the complex horizontal wavenumber of the mth mode. Eq. (6) must be solved for each mode with the horizontal refraction determined by the modal phase speed c ph m (x, y) ¼ x/Re{k m (x, y)} and modal attenuation a m (x, y) ¼ Im{k m (x, y)}. Such a two-dimensional Helmholtz equation can be solved using standard techniques, i.e., normal modes, parabolic equation, or ray theory. In this work, ORCA 18 is used to calculate the modal eigenvalues and eigenfunctions. ORCA is chosen for this task as it solves for modes in the continuous spectrum which provides a consistent treatment for modes which propagate at the source and receiver locations but are past cut-off elsewhere in the horizontal plane. The horizontal refraction equation is solved using a parabolic-equation approximate model 20 with artificial absorbing layers placed on the sides of the model domain.
III. ENVIRONMENTAL DESCRIPTION
The seabed of the New Jersey shelf is characterized by seafloor scouring and high spatial variability of sediment properties. The area surrounding the axis of the SW06 experiment was extensively surveyed in 2001-2002 using Compressed High Intensity Radar Pulse (CHIRP) sonar. 21 A grid of closely spaced tracks provided the basis for a stratigraphic model for this part of the shelf. Additional measurements taken during the SW06 experiment augment the earlier work with longer, more widely spaced tracks covering a larger area. 22 These data, shown in Fig. 1 , were used to construct the environmental model used in the 3-D sound propagation calculation. The depth of the seafloor, Fig. 1(a) , shows scouring in the along-shelf direction. The "R" reflector, Fig. 1(b) , varies with depth on the shelf, and in much of the area considered in this study, it is covered with approximately 20 m of sediment known as the outer shelf wedge. 23, 24 The erose boundary, Fig. 1(c) , located between the seafloor and "R" reflector, was created by a major erosional episode of indeterminate origin. 23, 25 The white areas on Figs. 1(b) and 1(c) represent regions where layers are truncated. For example, the erose boundary rises to meet the seafloor in the northwest and dips to meet the "R" reflector to the southeast.
The locations of the Miami Sound Machine source (MSM), the Naval Research Lab 300 Hz source (NRL), and the Shark vertical line array (VLA) are also shown in 22 and CHIRP seismic data. 21, 22 Based on this information, a model was specified to be composed of layers having constant sound speeds. Spatial variability of the model was attributed solely to changes in the layer depths and thicknesses as determined by the CHIRP data shown in Fig. 1 . The sound speed values obtained by geoacoustic inversions were determined using acoustic data from ship tracks located within 7 km of the Shark array and these results were extrapolated over a broader area using the CHIRP seismic data. The validity of extending the geophysical model in this way was confirmed by accurately predicting travel time measurements from an acoustic pulse originating 15 km northeast of the Shark array 22 and by examining horizontal wave number data recorded on another hydrophone array located at 73 7.842 0 W, 39 3.618 0 N. A slice through the 3-D sediment model oriented in the across-shelf direction and intersecting Shark array is shown in Fig. 2 . This plot corresponds to the location marked by the dashed lines in Fig. 1 . The truncation of the erose boundary with the seafloor is clearly visible in Fig. 2 . The initial deposition of the outer shelf wedge directly above the "R" reflector consists of finely laminate dipping layers of alternating sandy clay and clay. 26 In the 3-D geoacoustic seabed model, this layer is characterized by a sound speed of 1585 m/s. Cores into the shallower sediment above the erose boundary primarily sampled clay, with occasional sand lenses. 22 This layer of sediment is modeled with a sound speed of 1670 m/s. Because the 3-D sediment model only provides estimates for sound speed, constant density and attenuation profiles of 1.5 g/cm 3 and 0.1 dB/k were assumed. The lack of further information on the density and acoustic attenuation in the sediment affects the accuracy of the calculated sound intensity. Nevertheless, with good estimates of the bottom sound speed, the real sound refraction can be captured.
The water-column sound-speed profile is also known to have significant effects on acoustic propagation. [27] [28] [29] [30] The water column on the New Jersey shelf experiences seasonal variability; it is highly stratified during the summer and well-mixed during the winter. 31 A sound-speed profile representative of the summer, shown in Fig. 2 , was used in this modeling effort. The profile is taken from time-averaged measurements recorded at the location of the Shark array, which was equipped with temperature sensors spanning the water column and a single pressure sensor. Salinity was spatially interpolated from an environmental mooring, approximately 1.5 km to the west-northwest of the Shark VLA at 39 07.175 0 N, 73 16.640 0 W, by fitting the temperature data to the temperature versus salinity curve (T-S curve). 32 Although range-dependent water-column sound-speed profiles and rough sea surface conditions are known to cause significant 3-D effects, 1-3,33-36 a single, averaged profile and flat sea surface are used in this work so that the modeled effects are due to variability of the topography and subbottom structure alone with a baseline vertical refraction due to the mean sound speed gradient.
IV. MODELING RESULTS
The 3-D adiabatic normal mode technique described in Sec. II was applied to model acoustic propagation over the shelf. The solution was calculated for four cases characterized by various levels of environmental variability. The cases were chosen to isolate the effects of range-dependent topography from bottom structure as well as to understand their interaction. Case 1 is the "control" case and consists of smoothed seafloor topography over a range-independent halfspace with sound speed of 1670 m/s, density of 1.5 g/cm 3 , and attenuation of 0.1 dB/k. The smoothed topography was obtained by filtering the measured topography [shown in Fig. 1(a) ] using a 3 km Â 3 km moving average. Case 2 highlights the effects the range-dependent seabed. For this case, the layer thicknesses described by the CHIRP seismic data are preserved, but the smoothed seafloor topography is used. Case 3 examines the 3-D effects caused by topography by using the measured seafloor depth with the bottom being the same rangeindependent halfspace considered in Case 1. Case 4 investigates the combined effects of seafloor topography and the range-dependent bottom. For this instance, all the rangedependent features described by Fig. 1 are included. The four cases are summarized in Table I .
In the rest of this section, numerical modeling results from each of the four variations on the environment are described. First, propagation for individual modes at a frequency of 200 Hz is examined and specific environmental features responsible for the observed 3-D effects are identified. Then the total field is considered by examining TL over the shelf at a range of approximately 20 km from the source for several frequencies. This analysis is carried out for sound propagating from the location of the MSM source.
A. Modal amplitude
The relative effects of seafloor topography and bottom structure on the acoustic modes depend significantly on vertical mode angle. Low-order modes, which are associated with shallower propagation angles, are contained almost exclusively in the water column and are not significantly affected by the range-dependence of the topography or seabed. On the other hand, high-order modes, which propagate at higher angles with respect to the horizontal, interact more with the bottom and can experience considerable horizontal refraction. An understanding of these effects is gained by examining the modal amplitude of selected modes at frequency of 200 Hz. Modal amplitude is calculated according to Eq. (6), but to allow for easy comparison between the modes, modal amplitude R m is normalized by the eigenfunction at the source location / m (x 0 , y 0 , z 0 ) so that modal amplitude at the source location is unity.
The modal amplitude of mode one at 200 Hz is plotted for each of the four cases in Fig. 3 . Modal amplitude appears identical for all four cases and the difference in TL between Case 1 and Cases 2, 3, and 4 across the shelf in-line with the dashed line in Fig. 1 is less than 0.25 dB. This result is typical of non-bottom interacting modes and the small effect of horizontal refraction is expected as modal phase speed varies by less than 1 m/s across the study area. Low-order modes are known to be more sensitive to water-column variability than range-dependent bottom properties. 29, 37 The amplitude of mode seven at 200 Hz, a bottominteracting mode, is shown in Fig. 4 . Examination of Fig.  4 (a) shows a departure from cylindrical spreading as the smoothed bathymetry causes refraction down the shelf. Comparing Cases 1 and 2, it is observed that inclusion of the layered bottom results in increased attenuation which is most evident to the southwest where the slower sediment above the "R" reflector is exposed at the seafloor. The increased modal attenuation can be understood from an examination of the depth-dependent eigenfunctions: for Case 1, the depthdependent eigenfunctions decay exponentially in the seabed; for Case 2, the increased complexity of the seabed results in mode functions which penetrate more deeply into the sediment. Case 3, for which the range dependence is caused by changes in topography alone, shows significant horizontal refraction. Focused beams are formed by the scoured features of the seafloor. The effects of both the topography and the range-dependent bottom are observed in Case 4 in the form of horizontal focusing and increased attenuation.
Comparison across the four cases of modal amplitude for mode seven at 200 Hz (Fig. 4) demonstrates that the topography has the dominant effect on horizontal refraction. This is an expected result as the sound speed and density contrast between the water column and seabed is greater than that of the sub-bottom layers. To identify the specific topographic features responsible for the horizontal refraction observed in the mode amplitude levels, a normal mode ray trace was performed. The ray trace was calculated for Cases For the measured and smoothed topography, the effect of horizontal refraction on the individual rays was examined by measuring their curvature. Ray curvature was quantified by comparing the length of the refracted ray to a straight (non-refracted) ray. The percent difference in length between the straight and refracted rays is plotted in Fig. 6(a) . As expected, the ray curvature is greater for the measured topography. For both environments, the ray with the greatest curvature corresponds to a ray launch angle of 73 . In Fig. 5 , this ray is highlighted by the thick line. The dominant feature affecting this ray is the general upward slope of the shelf toward the northwest. This feature is further examined in Fig.  6 (b) which shows water depth along the 39 8.040 0 N latitude. Pointed out as the "broad feature," the upward slope of the shelf can be observed in both the smoothed and measured topography, causing a change in the average water depth of 5 m. Although this relatively small change in depth associated with a rather weak gradient in modal phase speed, it occurs over a wide area and results in significant ray curvature because the sound is continuously interacting with the bottom over a long range. The steeper slope of the measured topography causes a larger gradient in modal phase speed which results in the greater curvature of the 73 ray. A second observation from Fig. 6(a) is the local maximum in ray curvature corresponding to an launch angle of 87 for the case of the measured topography. This ray passes over a deeper region localized at 39 8.040 0 N, 72 58.80 0 W. This feature is pointed out in Fig. 6(b) as a "localized feature" and can only be observed in the measured bathymetry data. Because of its size, it is filtered out of the smoothed bathymetry. In this location, the water depth is approximately 7 m deeper than the average water depth in the immediate surrounding area. This change in water depth is responsible for a decrease in modal phase speed of 13 m/s. Although this feature represents a relatively small change in water depth, it occurs over a short range and results in a large gradient in modal phase speed. Several rays pass over this feature causing them to bend to the south, resulting in caustics which begin to form at a range of 14 km and continuing through a range of 20 km.
The next thing we examine is modes which are resonant in the low speed layer of the seabed. Resonant modes are characterized by mode functions which are strongly amplified within a layer. [38] [39] [40] This effect is illustrated by mode shapes calculated at 200 Hz for a single point in the x-y plane (corresponding to 73.02 W, 39.01 N-the approximate location of the Shark VLA) shown by the solid lines in Fig. 7 . The dashed lines in the figure indicate the depth of the seafloor, erose boundary, and "R" reflector. Mode nine is identified as a resonant mode from its high amplitude in the low-speed layer. The modal amplitude for mode nine at 200 Hz is shown in Fig. 8 . Comparison of modal amplitudes for Cases 1 and 2 shows dramatically different propagation regimes. For the case of the range-dependent layered bottom which contains the low speed layer, mode nine is severely attenuated to the south and east of the source. This occurs because most of its energy is trapped within the low speed layer of the seabed and suffers from bottom medium attenuation. Very low modal amplitude is also observed for Case 1 west of the source. This occurs because mode nine goes through mode cut-off as the water depth shallows in the shoreward direction. In this region, mode nine is a leaky mode and has high modal attenuation associated with it. These resonant and leaky mode effects are also observed for Cases 3 and 4. However, for these cases, in regions where the field is not attenuated, the measured topography is responsible for horizontal refraction effects similar to those observed for mode seven.
The motivation for examining 3-D effects for a resonant mode is that the eigenvalues of higher order modes can be more sensitive to seabed properties than changes in bathymetry. 41 Although significant horizontal refraction effects are not observed in Fig. 8(b) for Case 2 (smoothed bathymetry and layered bottom) due to high modal attenuation, a normal mode ray trace confirms that the modal phase speed gradients caused by the sub-bottom structure are significant and result in the same type of horizontal focusing observed in curvature is on the order of the "localized feature" effect examined for the seafloor topography as shown in Fig. 6(a) .
B. Total field
The acoustic field was calculated at several frequencies: 50, 100, 200, 300, and 400 Hz. The same four variations on the shallow-water waveguide addressed above (see Table I ) are also considered here. For all cases, the source and receiver depths are 50 and 20 m, respectively. TL across the shelf in-line with the dashed line shown in Fig. 1 are plotted in Fig. 9 . The incoherent mode sum is considered in order to separate the effects of horizontal refraction from the modal interference pattern. In addition, the modeled incoherent mode sum from a single frequency can, in general, represent the intensity of a narrowband pulse whose modal arrivals are separated in time without interfering with each other, especially when the magnitude of the channel response is uniform across the frequency band.
For all five frequencies, there are several consistent features in the results. The range-dependent, layered bottom (Cases 2 and 4) is characterized by higher loss than the halfspace bottom (Cases 1 and 3 ). This phenomenon was described for the study of individual mode amplitudes in Sec. IV B, and is caused by increased modal penetration into the seabed. Additionally, for all frequencies, comparison of Cases 1 and 2 shows that including the range-dependent layered bottom results in greater loss to the west. For most bottom interacting modes, sound is refracted into this region which is characterized by lower surficial sound speed and, therefore, lower modal phase speed. However, the weak horizontal refraction effect of the sub-bottom is masked by increased attenuation which results from deeper modal penetration into the seabed. Another consistent result is that range-dependent topography is responsible for most of the horizontal refraction; this is shown clearly in the plots as Cases 3 and 4 show significantly more across-shelf variability than Cases 1 and 2. Finally, although the main difference between Cases 3 and 4 appears to be the overall shift in TL, some differences in the peaks caused by horizontal refraction can be observed. Including the range-dependent sub-bottom shifts the locations of the peaks and adjusts their relative amplitudes.
The results displayed in Fig. 9 are further examined in Table II which shows the standard deviation of the difference in TL between Cases 1 and 3 (range-independent halfspace bottom) and between Cases 2 and 4 (range-dependent layered bottom). For all frequencies, the standard deviation for the difference in TL between Cases 1 and 3 (r D 13 ) is greater than the standard deviation of the difference in TL between Cases 2 and 4 (r D 24 ). These results indicate including the range-dependent layered bottom decreases the effects of horizontal refraction/focusing. Examination of the gradient of the modal phase speed confirms this conclusion as Case 4 has a lower mean modal phase speed gradient than Case 3. An additional observation from Table II, is that the variance of TL is lowest for 50 Hz, and appears to be saturated for higher frequencies.
V. MEASUREMENTS OF HORIZONTAL REFRACTION
The horizontal refraction/focusing effects described above are observed in the measured data from the SW06 experiment. Signals from the MSM and NRL sources are compared, and different refraction effects are observed due to a relatively small separation of their locations. In the previous modeling section, propagation from the MSM source was considered, and detailed discussions on the horizontal refraction effects were given. In this section, the 3-D adiabatic normal mode model is also implemented for sound propagation from the NRL source, and the difference in the modeled sound field due to these two sources will be used to explain the observation and provide an evidence of sound focusing due to the seafloor scours.
During the SW06 experiment, the MSM source was moored at a depth of 56 m (the water depth in the surrounding area is about 82 m). This source transmitted continuous-wave tones at five frequencies (101.7253, 203.4505, 406 .9010, 813.8021 and 1627.6042 Hz) whose phases were separately encoded with different Maximum length sequences (Msequences). 42 These phase-coded signals were transmitted sequentially (from low frequency to high frequency) every half hour for 7.5 min, resulting in 1.5 min long transmission at each frequency. The signals of 101.7253 Hz and 203.4505 Hz are considered here (abbreviated to MSM100 and MSM200). As for the NRL source, it was located 686 m northeast of the MSM source and moored at a depth of 72 m. This source transmitted 2.048 s long linear frequency modulated (LFM) chirps with a center frequency of 300 Hz and bandwidth of 60 Hz. The transmitting period of these LFM chirps (abbreviated to NRL300) was also every half hour for 7.5 min. In fact, the transmission schedules of the MSM and NRL sources coincided with each other. The receptions of MSM and NRL signals along the 468 m long Shark HLA, which was orientated to the north of the Shark VLA, are considered as they provide the longest available horizontal aperture.
Before presenting the measured data, a numerical model of 3-D sound propagation at a fixed frequency is shown to demonstrate variations of horizontal refraction/focusing solely due to changes of source positions. TL contours calculated from the incoherent mode sum for a frequency of 300 Hz from the MSM and NRL sources to the Shark HLA are shown in Fig. 10 . The fully rangedependent environment (Case 4) is used. Both solutions result in horizontal focusing as shown in Figs. 10(a) and 10(c). However, differences in the horizontal refraction patterns can be observed. Furthermore, the close-up views near the Shark HLA, Figs. 10(b) and 10(d), show that the field from the NRL source position results in a focused beam passing over the center of the array, whereas the MSM beam just miss the array. Note that the specific topographic feature responsible for the focused beam near the array location has been identified using normal mode ray theory shown in Figs. 5 and 6.
Twenty-two days of data recorded on the Shark HLA were processed. It was necessary to consider a sufficiently long time period to distinguish the stationary effects of sound propagation caused by the bottom from the temporal variability of sound propagation due to water column fluctuations. In addition, the received signals are matched-filtered using the known phase modulations to increase signal-tonoise ratios, so to suppress the noise influence on signal intensity estimates. The compressed pulses resulting from matched filter processing are further band-pass filtered to allow narrowband comparisons with models. The bandwidth of the filter is 10 Hz centered at the center frequency of each signal. Examination of the filtered pulses shows that the pulse durations are about 0.8 s for MSM100 signals and 0.6 s for both MSM200 and NRL300 signals. The observed spreading of the pulses agrees with the normal mode dispersion calculated using the environmental model described above. The received levels (RL) of signals along the HLA are obtained from the root-mean-squares of the filtered pulses over the observed pulse durations. The distribution of the RL for each of the three signals over 22 days is plotted in hydrophone sensitivity, but the discrepancy was small, 1.5 dB, and consistent over the frequency band of interest. Also, since the exact source level (SL) from each source was not measured during the experiment, the modeled RL is fit to the measured distribution using least squares regression with a simple sonar equation, RL ¼ SLÀTL. The following SL estimates are found to provide the best fit: 174.4 dB for NRL300, 180.8 dB for MSM200 and 185.0 dB for MSM100. Note that, as the constant attenuation and density profiles used in the model are not necessarily consistent with the true environment, these SL estimates are only approximations.
The measured and modeled RL agree well. The intensification along the HLA due to the horizontal focusing of the NRL300 signal is significant. The model showed that the focused beams of the MSM signals would miss the HLA (see Fig. 10 ), and this result is supported with the somewhat flat RL measurements along the array. Distributions of the RL difference of these three signals at each transmission period are shown in Figs. 11(d) and 11(e) along with the modeled curves. Both the measured and modeled RL differences show approximately 4 dB intensification near a position of 250 m north of the VLA. However, slight data-model disagreement is observed at the north end of the array for which the measured data indicate higher RL. This mismatch is possibly caused by uncertainties in the source locations and the environmental model which includes the sediment properties and seafloor topography. Discussions on the possible causes are provided below.
The uncertainty of the NRL source location is of particular interest as it affects the location of horizontal focusing along the HLA. Therefore, the sensitivity of modeled TL along the Shark HLA to location of the NRL source is examined. The acoustic field is calculated for source locations 6 50 m in the along-and across-shelf directions. The results of this study [ Fig. 12(a) ] show that TL is most sensitive to source's location across the shelf. Moving the source in the shoreward direction (x) for 50 m results in shifting of the intensification 75 m closer to the VLA. Similarly, placing the source 50 m further out to sea caused the focused beam to arrive approximately 75 m north of its unperturbed location. On the other hand, movement of the source along the shelf (y 6 50 m) has only little effect on the location of horizontal focusing along the HLA. With this sensitivity study we can conclude that the slight mismatch seen in the data-model comparison (Fig. 11) should not be caused by source position errors, since the main lobe of the modeled RL intensification matches well with the data.
The second source of uncertainty in the modeled TL is associated with the environmental data. The effects subbottom structure and seafloor topography on TL were investigated in Sec. IV. The comparison of Cases 3 and 4 in Fig. 9 illustrates that amplitude and location of RL intensification caused horizontal focusing are affected by the rangedependent sediment properties. For this environment, it was also shown that 3-D effects are most sensitive to seafloor topography. Therefore, inaccuracies in the sub-bottom structure and/or seafloor topography data could be responsible observed differences in the measured and modeled RL.
Related to the accuracy of the environmental data is its resolution. The important length scale for medium heterogeneity corresponds to the width of the first Fresnel zone
where R is the source-receiver separation and k ¼ c/f. For the NRL300 signal recorded on the HLA, R f ¼ 158 m. The discretization of the measured data are well within this bound: Dx ¼ 50 m. The validity of the Fresnel zone criterion was ascertained by downsampling the measured bathymetry data to create coarser samplings of the environment. The modeled TL along the Shark HLA is shown in Fig. 12(b) for five discretizations of the environmental data. For the first three discretizations, Dx < R f and there is good agreement amongst the solutions. For the two most coarse samplings of the environmental data, Dx > R f and both the amplitude and the location of the intensification are affected. This study shows that the resolution of the measured bathymetry data is not a likely source of error in the modeled TL data.
The final source of mismatch between the measured and modeled data pertains to approximations made in the propagation model, particularly the assumption that the modes propagate adiabatically. To quantify this inaccuracy, the effect of mode coupling was assessed by applying an N Â 2D coupled-mode model. 44 The incoherent mode sum for the N Â 2D coupled-mode solution is shown with the N Â 2D adiabatic-mode solution in Fig. 12(c) . Comparison of these solutions shows that including mode coupling results in approximately 1 dB of higher loss. Additionally, the coupled-mode solution is characterized by fluctuations along the array on the order of 0.5 dB about the mean. This analysis shows the effects of mode-coupling (on the order of 1 dB) are secondary to the effects of horizontal refraction (on the order of 4 dB). Therefore, neglecting mode-coupling in the 3-D solution is not considered to be a significant source of model-data mismatch.
VI. CONCLUSIONS
Three-dimensional propagation effects caused by seafloor scours and range-dependent layered bottom structure over a 20 km range along the New Jersey shelf were investigated. Examination of modal amplitudes in the propagation models demonstrated the effects of environmental range dependence on modes trapped in the water column, modes interacting with the seafloor, and modes trapped in the bottom. The model also suggests that horizontal refraction due to the presence of seafloor scours can cause TL deviation of up to 4 dB, comparing to the baseline case of smoothed seafloor.
An intensification of sound recorded along a HLA of hydrophones during SW06 experiment was interpreted as horizontal focusing by comparing the measurements to modeled data. A modal ray trace was used to identify the topographic feature responsible for the observed focusing effect, which is a localized topographic depression near the sources. In addition, the models also found that although broad topographic features cause small gradients in modal phase speed, such features still have a considerable effect on TL because the affected rays continue to interact with the seafloor as they propagate across the shelf. Finally, even though the effects of the seafloor and sub-bottom structures are profound, they will be masked episodically by the presence of water column fluctuations, such as nonlinear internal waves. 
APPENDIX
To assess the accuracy in the adiabatic approximation of the 3-D propagation model used in this paper, a comparison is made between coupled-and adiabatic-mode solutions using N Â 2D technique. The N Â 2D solutions are then compared with the 3-D adiabatic-mode solution. For this example, propagation is considered for a frequency of 300 Hz from the location of the NRL source at a depth of 50 m, with receivers in the x-y plane at a depth of 20 m. The rangedependent bathymetry of the New Jersey shelf environment is used with the range-independent sub-bottom (i.e., Case 3 from Sec. IV). The N Â 2D solutions were calculated using a coupled-mode model, 44 with a false bottom inserted 40k below the seafloor. The solutions shown in Figs. 13(a) and 13(b) are calculated from an incoherent mode sum of 50 modes. The 3-D adiabatic-mode solution, calculated according to the modeling technique described in Sec. II, is shown for comparison in Fig. 13(c) .
Although all three solutions show variability in the horizontal plane, the 3-D adiabatic-mode solution shows the strongest range-dependence. At a range of 20 km from the source, the oscillations in the field calculated by the 3-D model are an order of magnitude greater than those of the N Â 2D adiabatic-mode model. Clearly, a 3-D model is necessary to capture the fluctuations in the acoustic field. Comparison of the N Â 2D adiabatic-and coupled-mode solutions indicates that including mode coupling results in a solution with higher loss and greater variability. However, these effects are relatively small. At a range of 20 km, on average, the N Â 2D solutions differ by 0.5 dB. Therefore, the effects of mode-coupling are secondary to those of horizontal refraction. 
